[1] The formation and evolution of new particles during coastal nucleation events are examined using the aerosol dynamic and gas-phase chemistry model AEROFOR2. Coastal regions are known to be a strong source of natural aerosol particles and are also strong sources of biogenic vapors which can condense onto aerosol particles, thus resulting in particle growth. A number of model simulations were performed to determine the instantaneous nucleation rate along with the source rate of a generic biogenic vapor leading to the observed particle size distributions which indicate the rapid appearance of $10 5 -10 6 cm À3 nucleation mode particles in this environment. Model calculations suggest values of 3 Â 10 5 cm À3 s À1 to 3 Â 10 6 cm À3 s À1 for the instantaneous nucleation rate and a value of 5 Â 10 7 cm À3 s À1 for the condensable vapor source rate in order to reproduce the observed concentrations. A significant fraction of these new particles survive to grow into cloud condensation nuclei (CCN) sizes for supersaturations typically encountered in boundary layer clouds during subsequent evolution over 3 days under clear-sky conditions, thus contributing to the indirect radiative effect of aerosols. The amount of CCN is mainly affected by coagulation between particles and condensation of the biogenic vapor and, to a lesser extent, by condensation of sulphuric acid formed by DMS oxidation. In all simulated cases, an increase of more than 100% in CCN concentration, for supersaturations >0.35% was observed.
Introduction
[2] Marine aerosols play an important role in atmospheric processes. In particular, they directly scatter incoming solar radiation back to space, contributing to the direct radiative effect of aerosols [Charlson et al., 1992; Russell et al., 1999] along with providing a source of cloud condensation nuclei (CCN) on which cloud droplets can nucleate. The properties and concentration of the CCN population determine the microphysical structure, and consequently, the radiative properties of marine clouds, thereby contributing to the indirect radiative effect of aerosols if perturbed by anthropogenic activities [Twomey, 1974; Charlson et al., 1987; O'Dowd et al., 1999a] .
[3] The origin of marine aerosol particles and CCN is still poorly understood. Primary sea-salt particles are produced at the ocean surface by mechanical disruption, their size varies from 0.1 to 300 mm, and the number concentration depends on the wind speed [O'Dowd et al., 1997a] . Secondary (non-sea-salt) particles are formed by gas-to-particle conversion processes such as binary or ternary nucleation, heterogeneous nucleation, and condensation.
[4] Ultrafine particle (diameter >3 nm) formation has been observed in the marine boundary layer [Covert et al., 1992; Hoppel et al., 1994; Van Dingenen et al., 1995; Weber et al., 1998; Clarke et al., 1998 ], in Arctic areas [Wiedensohler et al., 1996; Leck and Persson, 1996] , and in Antarctic oceanic areas [O'Dowd et al., 1997b] . One potentially important source is the oxidation of dimethyl sulphide (DMS) which leads to the formation of sulphate particles [Charlson et al., 1987; Clarke et al., 1999] . DMS is emitted by marine phytoplankton and transported from the ocean to the atmosphere. Natural biogenic particle bursts have also been recorded at coastal sites almost daily during low tide [O'Dowd et al., 1996 [O'Dowd et al., , 1998 [O'Dowd et al., , 1999a and about 50 times per year in boreal forests [Mäkelä et al., 1997; Kulmala et al, 1998a; Mäkelä et al., 2000] . Both locations are known to be strong emission regions of biogenic vapors.
[5] While there have been a significant number of observations of recently formed particles, the actual formation mechanism remains unclear. Model calculations show that the binary sulphuric acid-water nucleation is possible in the lower troposphere only in some special conditions (e.g., low temperature, high relative humidity, and high SO 2 concentration) [Raes and Van Dingenen, 1992; Pandis et al., 1994; Russell et al., 1994; Katoshevski et al., 1999; Capaldo et al., 1999; Pirjola et al., 2000] but more probable in the upper troposphere [e.g., Raes et al., 1995] . Kulmala et al. [2000] have recently presented a hypothesis that ternary H 2 SO 4 -H 2 O-NH 3 nucleation can occur under most atmospheric conditions in daytime, resulting in a dynamic reservoir of 1-to 2-nm-size small embryonic particles (thermodynamically stable clusters (TSC)). After growth by condensation of nonsulphate organic or inorganic vapors, these stable embryos grow into detectable particle sizes of 3 nm, and under suitable conditions, to CCN sizes.
[6] Typically, this condensable species is thought to be some organic vapor, which can be soluble or insoluble, nonvolatile or semivolatile. On the basis of atmospheric observations, Novakov and Penner [1993] suggest that organic matter may be a major contributor to CCN in the anthropogenically influenced marine atmosphere. Kulmala et al. [1997] also showed that there are many highly and slightly soluble organic compounds that can be cloud active. However, typically only about 10% of the organic aerosol mass has been identified [Saxena and Hildemann, 1996] , and a majority of identified organics are semivolatile or highly volatile [e.g., Hoffmann et al., 1998; Griffin et al., 1999; Jang and Kamens, 1999] which does not indicate strong growth of particles. Of course, it is possible that some yet unidentified multifunctional organic compounds are nonvolatile, and model calculations by Kerminen et al. [2000] show that in such a case the growth of particles to CCN sizes is possible. Additionally, this condensable species could be an inorganic vapor derived from organic biogenic emissions. For the purpose of these modeling experiments and until the primary condensing vapor leading to the observed ultrafine particles in this environment is identified, a generic biogenic vapor, with low solubility, is used. In this study, we predict the nucleation rate of new particles and the source rate of a condensable vapor in coastal/tidal regions leading to the observed fast growth of ultrafine particles.
[7] The conditions simulated relate to coastal nucleation event cases observed frequently at the Mace Head Atmospheric Research Station, Ireland, on the northeast Atlantic coastline during New Particle Formation and Fate in the Coastal Environment (PARFORCE) experiment . The results are based on model calculations with the detailed aerosol dynamic and gas-phase chemistry model AEROFOR2. In the model, particles can consist of soluble and insoluble material and their size and composition (soluble/insoluble) distributions can be followed as a function of time. The primary objective of this study is to determine the fate of the new particles resulting from coastal nucleation bursts: Do the newly formed particles coagulate before growing to CCN sizes? If not, what is the yield of CCN after 3 days from the low-tidal nucleation event? Typically, particles that are soluble or partially soluble, and possess diameters greater than 100 nm, are regarded as effective or potential CCN. Of course, whether they behave as CCN in reality depends on the peak supersaturation achieved during the cloud formation processes. For example, critical supersaturation for activating ammonium sulphate and sea-salt particles with dry diameters of 100 nm is about 0.18% and 0.12%, respectively [Seinfeld and Pandis, 1998 ]. In this work we estimate the CCN concentration, as a function of supersaturation, by considering both size and composition changes resulting from a coastal nucleation and growth event.
Model Description
[8] AEROFOR2 [Pirjola and Kulmala, 2001 ] is a second version of the Lagrangian-type box model AEROFOR [Pirjola, 1999] used to investigate the formation and growth of particles under clear-sky atmospheric conditions. Particles can consist of soluble and insoluble material, and the particle population can be externally or internally mixed. AEROFOR2 includes the gas-phase chemistry and aerosol dynamics and calculates the number size distribution and composition distribution of particles as a function of time. The meteorological data (hourly values of temperature, relative humidity, and mixing height) are obtained from the trajectories.
[9] The processes that are included in the model are (1) chemical reactions in the gas phase, (2) emissions of gases, (3) dry deposition of gases, (4) homogeneous binary H 2 SO 4 -H 2 O or ternary H 2 SO 4 -H 2 O-NH 3 nucleation, (5) multicomponent condensation of H 2 SO 4 , H 2 O, and some organic vapor onto particles, (6) intermode and intramode coagulation of particles, (7) dry deposition of particles, (8) dilution, and (9) entrainment with free troposphere. It should be noted that since the model is running under clearsky conditions, cloud processing, coalescence, and wet deposition are not taken into account.
[10] The aerosol size and composition are represented using (nclass1 Â nclass2) sections, the first number referring to size classes and the second to composition classes. A limiting factor is, naturally, computer time. In this work we have used 27 Â 11 sections. Size sections are evenly distributed in logarithmic space by diameter, with the smallest size section being 1 nm and the largest being optional up to 10 mm. Each size section is considered as a monodisperse, and all the particles which belong to this section have a fixed sum of soluble and insoluble molecules. The initial particle size distribution is assumed to be lognormal including 1 -4 modes. Composition of particles, i.e., their soluble and insoluble fractions, can be prescribed by a user, but in this work composition classes consist 100, 90, 80, . . ., and 0% of soluble material. The current version of the model does not included cloud processes such as in-cloud diffusive coagulation, aqueous phase chemical reactions, or wet removal.
Gas-Phase Chemistry
[11] The chemical mechanism (69 species altogether) is presented by : the inorganic and organic chemistry are based on the EMEP mechanism [Simpson, 1992] , and the DMS chemistry is adopted from Saltelli and Hjorth [1995] . However, the oxidation of DMS by NO 3 at nighttime has been added with the reaction rate constant of 1.9 Â 10 À13 exp (520/T ) [Atkinson et al., 1997] .
Nucleation
[12] The binary H 2 SO 4 -H 2 O nucleation rate is determined using revised classical nucleation theory [Wilemski, 1984] , PAR which is thermodynamically correct, and taking into account hydrate formation [Jaecker-Voirol et al., 1987] . To save computer time, we have used a parameterized value for the sulphuric acid mole fraction of the critical nucleus as a function of temperature, relative humidity, and relative acidity as described by Kulmala et al. [1998b] . The parameterization is valid at temperatures between À40°C and +25°C, relative humidity between 10 and 100%, and nucleation rates between 10 À5 and 10 5 cm À3 s À1 .
[13] However, several field measurements indicate that observed ambient nucleation rates substantially exceed those predicted based on binary H 2 SO 4 -H 2 O [Covert et al., 1992; Weber et al., 1998 Weber et al., , 1999 O'Dowd et al., 1998 O'Dowd et al., , 1999a Clarke et al., 1999] . Recently developed classical theory of ternary H 2 SO 4 -NH 3 -H 2 O nucleation [Korhonen et al., 1999] , around 20 ppt NH 3 is needed for significant nucleation. A preliminary parameterization for ternary nucleation rate is available in AEROFOR2.
Condensation
[14] The molecular and mass flux of condensing sulphuric acid or other biogenic vapors depends on the difference between the vapor concentration far from the droplet and at the droplet surface, the diffusion coefficient, and the condensation sink due to pre-existing particles. We have used the continuum regime theory corrected by a transitional correction factor [Fuchs and Sutugin, 1970 ; see also Pirjola et al., 1999] . The molecular diffusion coefficient can be estimated using empirical correlation given by Reid et al. [1987] . The sticking coefficient is assumed to be unity in accordance with the theoretical arguments by Clement et al. [1996] . It should be noted that under tropospheric conditions, saturation vapor pressures of sulphuric acid are much lower than its ambient vapor pressure, so its evaporation is negligible. Depending on its saturation vapor pressure, the biogenic vapor can be nonvolatile, semivolatile, or highly volatile. In order to make the particles grow as much as seen from measurements, it is reasonable to assume that in this case the biogenic vapor is nonvolatile. Then its saturation vapor density should be below 10 6 molecules cm À3 [Pirjola and Kulmala, 2001] . Additionally, the biogenic vapor is assumed to be insoluble based on hygroscopic measurements [Väkevä et al., 2002] .
[15] Condensation onto particles in section (i, j) makes them grow, and depending on the amount of condensing vapors, their composition remains the same or changes to a more soluble or to a more insoluble direction. All particles are moved to the section which corresponds to their new size and composition, and if such a section does not exist, then the particles are partitioned to the four nearest sections so that the number and mass are conserved.
Coagulation
[16] Brownian coagulation coefficients K ij between particles in size section (i, j) are calculated according to Fuchs [1964] . If particles in size section i and composition class j coagulate to any of the other particles or to each other, the number concentration of particles in this bin decreases. On the other hand, if two other particles collide and the resulting particle has exactly the same size and composition as particles in section (i, j), the number concentration of section (i, j) increases; otherwise, partitioning to the four nearest sections is needed. Particle redistribution caused by condensation and coagulation processes are done simultaneously, and the number and mass balances are valid.
Dry Deposition
[17] Dry deposition rates of particles are modelled according to Schack et al. [1985] . Brownian diffusion, interception, and gravitational settling are taken into account.
Dilution
[18] Mixing and dilution of the chemical compounds and aerosol particles, as the air parcel advects away from the source region, is taken into account. The height of the marine boundary layer (MBL) is assumed to be 1000 m, and this is also the height of the well-mixed air parcel in the model.
[19] We have estimated that just outside the source region the concentrations of particles were much higher in the lowest 100-m air layer. Consequently, this is also the height of the air parcel at the start. During a dilution time (t d ) the concentrations were mixed and diluted with the ambient air with a time step Át, according to equation (1) and iteration equation (2),
The height of the air parcel is denoted by h o at start, by h MBL after the dilution time t d , and by h at time t. N i is the diluted concentration of particles in section i inside the box with a given initial value N io , and N iBG in the background boundary layer. The modal parameters of the background aerosol distribution are kept constant as given in Table 1 . Finally, the well-mixed concentrations are about one tenth of the initial values.
[20] Equations (1) and (2) are also applied to the biogenic condensable vapor and its precursor, except that the background concentrations in the clean marine air are assumed to be zero. Sensitivity tests were made for the dilution time and rate as well as for the MBL height.
Entrainment
[21] Interaction between the marine boundary layer and free troposphere (FT) is incorporated by assuming a constant entrainment velocity 0.3 cm s À1 , consistent with measurements by Kritz [1983] . The free tropospheric concentration of condensable biogenic vapor is assumed to be zero. In the FT, the average number concentration of aerosol particles is assumed to be 425 cm À3 with a diameter of 53 nm and geometric standard deviation of 1.89 according to Raes et al. [1997] . The particles are assumed to contain 50% of insoluble organic material and 50% of soluble material in agreement with the measurements by Putaud et al. [2000] . The set of stiff differential equations was solved using Numerical Algorithms Group Ltd. [1990] library FORTRAN-routine D02EJF.
Source Rate of Condensable Vapor
[22] Coastal particle formation bursts were observed almost daily throughout the whole PARFORCE program and were found to occur coinciding with low tide occurrence in the presence of solar radiation . We consider typical event cases where a clean marine air mass arrives at the measurement station, advecting over the tidal region $100 m in width directly upwind of the station. However, the tidal regions can range in size from 100 m to a few kilometers in width depending on the location along the Irish coastline. During these conditions and low-tide occurrence during daylight hours, the enhanced exposure of the biologically rich shore results in the production of massive (10 5 -10 6 cm
À3
) amounts of ultrafine particles (3 < d < 10 nm). Under the strongest events, growth is so rapid that as much as 10 4 particles cm À3 can grow into sizes larger than 10 nm. [23] For the studies here, a typical nucleation event, such as that occurring on Julian Day (JD) 163, 1999 (12 June) , is used as the case to estimate nucleation and vapor source rates along with predicting the resulting aerosol and CCN enhancement as the air parcel evolves over a number of days. The coastal nucleation burst on JD 163 took place before noon, with peak concentrations, N 3 (concentration of particles with d > 3 nm), exceeding 1.2 Â 10 6 cm et al., 2002] . This particular day represents one of the stronger events observed; however, even during less intense events, the peak particle concentration can reach over 180,000 cm
. Integrated concentrations determined from Differential Mobility Particle Sizer (DMPS, size range 3 -500 nm) measurements also indicated total concentrations of the order of 10 6 cm À3 and N 10 concentration (concentration of particles with d > 10 nm) in excess of 10,000 cm À3 .
[24] The observed enhancement in particle concentration during the burst is illustrated in Figure 1 for both the DMPS data and also for Condensation Particle Counter (CPC) data. Peak concentrations observed by the CPC are higher than those seen for the DMPS. This results from two limitations in the DMPS system: (1) The time taken to conduct a size spectrum scan in the DMPS is 10 min and therefore it cannot capture the higher-frequency peaks record on a 1-Hz basis using the CPC, and (2) diffusional losses in the smaller sizes are higher in the DMPS system. For these two reasons, the DMPS always underestimates the total concentration, but the spectral shape is used to compare with the modeled predictions.
[25] On this day, the air masses were arriving from the northwest marine sector and advected over the tidal zone before being sampling at the Mace Head shore laboratory. For this case, the transit time for the air to advect from the tidal region to the measurement station is 25 s, based on the observed 4 m s À1 wind speed and a distance of approximately 100 m to the shore from the laboratory. Figure 1. CPC and DMPS data of N 3 (particles with diameter >3 nm) on JD 163.
PAR
[26] The scenario used in the simulations is based on an air parcel advecting over a low-tide region of the order of 100 m horizontal width where there is a strong flux of a biogenic vapor, denoted now by Y, resulting from stressing of the coastal biota. Some oxidation products (X ) of Y can condense onto particles to provide a growth mechanism if there exists stable embryonic clusters (or TSCs). The condensable species X can be either an insoluble organic or inorganic species. After advection over the biogenic source region, the air parcel advects out over the ocean and the evolution of the particles is simulated for a period of 3 days.
[27] First, we made a large number of model simulations with AEROFOR2 to find out the number concentration of newly formed particles in an instantaneous nucleation process and the source rate of a condensable vapor X needed to make them grow to sizes consistent with measurements during the first 25 s. Alternatively, according to the hypothesis by Kulmala et al. [2000] , the moving air parcel can include a dynamic reservoir of thermodynamically stable clusters (TSC), about 1 nm size, on which the biogenic vapor condenses during 25 s, thus leading to growth into sizes greater than 3 nm. Thus we can think that an instantaneous nucleation process produces as many particles as would result from the TSC concentration.
[28] The initial background particle size distribution was chosen to represent conditions typical for marine air masses including Aitken, accumulation, and coarse modes (Table 1) [O' Dowd et al., 2001] . The total number concentration was about 452 cm
À3
. Coarse mode particles were assumed to be 100% soluble but Aitken and accumulation mode particles were assumed to include 90% soluble and 10% insoluble material [Vä kevä et al., 2002] . Temperature was kept constant at 283 K and relative humidity was constant at 70%. They both were average values from measurements for JD 163.
[29] By varying the instantaneous nucleation rate and condensable vapor concentration, and requiring that after 25 s N 3 is in the range of 1.9 Â 10 5 -1.1 Â 10 6 cm À3 and N 10 about 10,000 cm À3 (9000 -11,000 cm À3 ), the model gave the possible combinations of the nucleation rate and the concentration of condensable vapor for which the observed growth is possible, and this range is illustrated in Figure 2 . As seen, the possible vapor concentration covers only a narrow strip from 6 Â 10 9 to 1.1 Â 10 10 cm À3 , and the nucleated particle concentration has to be between 3 Â 10 5 and 3 Â 10 6 cm
. More particularly, when N 3 has an upper limit value of about 1 Â 10 6 cm À3 , the vapor concentration should be 6.6 Â 10 9 cm À3 and the nucleated particle concentration 3 Â 10 6 cm
. By comparison, for a low limit value of 2 Â 10 5 cm
, these values should be 1.1 Â 10 10 cm À3 and 3 Â 10 5 cm
, respectively. In both cases, the model predicts a value of 5 Â 10 7 cm À3 s À1 for the source rate of the vapor. The resulting simulated size distribution, after 25 s, for these two cases is compared to the measured size distribution determined by the DMPS system in Figure 3 where good agreement with the measurements is observed, taking account of the DMPS missing the larger concentrations seen by the CPC sampler. . For the circle, N 3 % 1,000,000 cm
; for the triangle, N 3 % 200,000 cm À3 .
[30] The condensable vapor and its formation mechanism are still uncertain, so we have to use generic species and a source rate of the vapor rather than a specific production mechanism. In general, the time derivatives of Y and X can still be expressed by
where k is the reaction rate constant in s À1 (assumed to depend on solar light), CS is the condensation sink, v d is the dry deposition rate, v e is the entrainment rate, and h is the height of the boundary layer. Dilution is calculated every time step according to equation (2). However, to obtain the X value of 6.6 Â 10 9 cm À3 or 1.1 Â 10 10 cm
, the model predicts a value of 5 Â 10 7 cm À3 s À1 for the source rate (k[Y ]) in both cases. For the base case simulation, Y is chosen to be 5 ppb and k = 4 Â 10 À4 s
À1
. Since the simulation time is very short, 25 s, Y is kept constant. The condensation rate of X depends on the size of particles, nucleated particle concentration, and the concentration of X.
Yield of CCN
[31] New particles grow further by coagulation and condensation processes. However, their number concentration decreases significantly due to rapid coagulation, and only a part of these new particles will survive to CCN sizes.
We have carried out model simulations under clear-sky conditions to find out the yield of CCN after 72 hours from the time when the coastal particle formation burst started at 1200 LT. The air parcel is assumed to move over the ocean accumulating dimethyl sulphide (DMS) emissions of 10 9 cm À2 s À1 resulting in a DMS concentration roughly 100 ppt. The oxidation reactions of DMS produce SO 2 , and condensable acids, H 2 SO 4 and methane sulphonic acid (MSA). Anthropogenic SO 2 sources are not taken into account. At the start, the air parcel contains the precursor vapor Y and the insoluble condensable vapor X, but emissions of Y are no more present. Consequently, Y converts to X and disappears at a rate which is not constant but is assumed to depend on solar light. The X is consumed by condensation.
N 60 and N 100 in the Base Case Simulation
[32] The scenario corresponding to the lowest nucleation rate (lowermost point in Figure 2 ), when the nucleated particle number was 3 Â 10 5 cm À3 , X = 1.1 Â 10 10 cm
À3
, Y = 5 ppb, and maximum reaction rate constant k = 4 Â 10 À4 s À1 is chosen as the base case simulation. Figure 4 shows the time development of particle and gas concentrations in this case. The total particle concentration N tot decreases from 3 Â 10 5 cm À3 to 3500 cm
. After 25 s ($0.4 min), the concentration of N 3 was 200 000 cm À3 and N 10 was about 10000 cm
. During the next 3 min both concentrations increased reaching their maximum values of 263,000 and 199,000 cm À3 , after which the effect of coagulation dominates and the concentrations start to decrease rapidly as N tot does. After the first 10 min the , over the same time period, thus causing an increase of 170% in N 100 . Figure 4 also illustrates results from the case corresponding to a more intense nucleation burst case with a nucleated particle number of 3 Â 10 6 cm À3 and X = 6.6 Â 10 9 cm À3 (see Figure 2 ). For this case, while the maximum values of N 3 and N 10 are higher than in the first case in the early stages of the evolution, after 25 hours the differences become quite small, and the final concentrations in all sizes converge by the end of the simulation time period.
[33] It is seen from Figure 4b that the precursor vapor Y is converted moderately fast to X due to the high reaction rate constant. At the same time, X rapidly condenses so that after 10 hours its concentration is 3 orders of magnitude lower. Additionally, the soluble H 2 SO 4 vapor has a diurnal cycle with a maximum value of 1 Â 10 6 cm À3 in the afternoon and a minimum value of 7 Â 10 3 cm À3 at night. It should be noted that this sulphuric acid concentration is significantly lower than the measured concentration in this (Mace Head) coastal environment. Berresheim et al. [2002] reported concentrations often exceeding a peak value of 10 7 cm À3 , and for JD 163, peak concentrations observed were >8 Â 10 6 cm
. Nighttime concentrations of the order of 10 6 cm À3 were also seen throughout the campaign. While these high concentrations have not been explained, they suggest another sulphuric acid formation mechanism other than the reaction between OH and SO 2 which is the primary sulphuric acid source in these model simulations.
[34] An extra simulation showed that the growth in N 60 and N 100 is mainly due to particle coagulation and condensation of vapor X. Since the H 2 SO 4 concentration is low, its condensation has only a minor effect. In the simulation when an air parcel moving over the ocean included only background aerosol concentration (Table 1 ) and no nucleation burst was present, condensation of H 2 SO 4 (daily maximum of 8 Â 10 6 cm
) was able to increase the concentration of N 100 by only 4%. However, major part of the background Aitken mode particles were able to reach 60-nm size.
Composition of Particles
[35] At the beginning of the simulation the nucleated particles, or embryos, as well as the sea-salt particles consisted 100% of soluble species, whereas the Aitken and accumulation mode particles consisted of 90% soluble and 10% insoluble compound. Figure 5 illustrates the time development of the average total and modal number weighted and mass weighted compositions given as soluble fraction. Condensation of insoluble compound X during the first 25 s transforms the nucleation ($1 -20 nm) and Aitken ($20-100 nm) modes to totally insoluble, whereas the composition of the accumulation mode ($100 nm to 1 mm, in practice N 100 ) changes slower, and its soluble fraction is 70% after 25 s. After 30 hours when the insoluble condensable vapor is almost depleted (concentration below 10 3 cm À3 ), the only remaining condensable vapor is, in practice, sulphuric acid. As time progresses, the composition of the nucleation and Aitken mode particles starts to move toward that of a sulphate (soluble) composition. The smaller the particle, the higher the growth by condensation, and thus the nucleation mode particles include more sulphate than larger ones. At the end of the simulation the number and mass weighted soluble fractions for the Aitken mode are 19 and 15%, and for the accumulation mode 31 and 58%, respectively. The composition of the large sea-salt particles does not change much.
[36] It should be noted that at the beginning of the simulation the nucleation mode particles dominate the total number weighted composition, whereas the sea-salt particles dominate the total mass weighted composition all the time. For that reason the number weighted and mass weighted composition of all particles develops in a totally different way. It is also worth mentioning that the mass weighted soluble fractions are used, for example, on filter sampling analysis, and number weighted soluble fractions are more relevant for the CCN number.
[37] Measurements of hygroscopic properties of recently formed ultrafine (8 and 10 nm) and Aitken (20 nm) mode particles show that the particles are externally mixed; soluble particles with high growth factors (the ratio of wet and dry diameters of a particle) are accompanied by an external population of particles with low growth factors [Väkevä et al., 2002] ; the newly formed nucleation mode particles had low growth factors about 1.05 -1.1, indicating low solubility, whereas Aitken mode had grow factors as high as 1.4-1.5. It is not possible here to further compare the measured and modeled solubility fractions across the aerosol spectrum because growth factor measurements for larger particles are not available.
CCN Concentration
[38] In the previous sections, aerosol evolution was discussed in terms of particle size and solubility fraction separately. To examine the effect of coastal nucleation on CCN concentrations, both these particle characteristics must be coupled to determine their cloud nucleating potential. According to the traditional Köhler theory, aerosol particles including soluble salts and liquid drops and insoluble material can activate into cloud droplets if the saturation rate is higher than the critical activation ratio S c given by [e.g., Seinfeld and Pandis, 1998 ]
The terms A and B are
where T is temperature, R is the molar gas constant, d s is the dry particle diameter, r s is the solute and r w the water density (assumed to be 1000 kg m À3 ), M s and M w are the solute and water mole masses (assumed to be 98 and 18 g mol
À1
), e m is the mass fraction of soluble material (adopted from the model results), and n is the number of ions resulting from the disassociation of one solute molecule (assumed to be 3, the same as for (NH 4 ) 2 SO 4 ). From these equations, d s can be calculated as a function of e m and S c . By comparing the model results with d s the number concentration of CCN can be calculated.
[39] Figure 6 shows the CCN spectra before the nucleation event and also after 3 days of evolution for the base case simulation. If the supersaturation is 0.15% and no nucleation occurs (dotted curve), then all particles larger than 100 nm (N 100 = 139 cm À3 ) will be activated. For a greater supersaturation of 0.4%, all particles larger than 60 nm (N 60 = 196 cm À3 ) will activate. After tidal-related nucleation, only a minor change is seen in activated particles for a supersaturation of 0.15%, while, by comparison, for a supersaturation of 0.4%, the concentration of activated CCN increases dramatically from 139 cm À3 to more than 500 cm
À3
, and for a supersaturation of 0.35%, the CCN concentration increases to 377 cm À3 .
[40] As discussed earlier, the observed concentration of H 2 SO 4 in the coastal environment of Mace Head is significantly higher than predicted by the above model simulations, and, since H 2 SO 4 will be the primary soluble PAR condensing species leading to increased CCN potential of the new particles, an extra simulation was performed to study the CCN spectral enhancement under these higher H 2 SO 4 conditions.
[41] To reproduce the observed H 2 SO 4 concentrations, unrealistically high DMS and SO 2 concentrations had to be included to artificially generate the required concentrations since we do not know what non-OH reaction is producing the observed concentrations. Nevertheless, despite the formation pathway, the primary interest in this study so to examine the CCN production under the observed concentrations of H 2 SO 4 .
[42] To achieve this objective, the DMS concentration was initialised at 600 ppt, and the SO 2 concentration had to be initialized at 2 ppb. All other parameters were identical to the base case. Using these values of DMS and SO 2 , we achieved a H 2 SO 4 concentration of 2 Â 10 7 cm
. This simulation resulted in mass weighted soluble fraction increases in both Aiken and accumulation modes with the largest increases, from 15 to 60%, seen in the Aitken mode. This enhanced soluble fraction results in a significant increase in CCN concentration over the full supersaturation spectrum. At a supersaturation of 0.15%, the CCN concentration increases from 139 cm À3 to more than 500 cm
while at a supersaturation of 0.4%, the increase is from 196 cm À3 to >3000 cm À3 .
Sensitivity Tests

Precursor Concentration and Reaction Rate Constant
[43] Because the concentration of Y and the reaction rate constant k are unknown, the sensitivity of N 60 and N 100 against them was tested for the base case and the results of these sensitivity tests are illustrated in Figure 7 . We used a lower value of 1 ppb for Y (k = 2 Â 10 À3 s À1 ), but the simulations were also repeated for higher values of 10 ppb (k = 2 Â 10 À4 s
À1
) and 15 ppb (k = 1.3 Â 10 À4 s À1 ). The higher the initial precursor concentration, the higher the concentration of X (Figure 7) . Consequently, more particles are able to grow to N 60 and N 100 . The concentrations at the end of the simulation are summarized in Table 2 .
[44] Table 2 also gives the change in N 100 concentration during the 3 days of simulation when the initial N 100 concentration was 139 cm À3 . Although the soluble fraction of particles changes as Y varies, it is still relevant to compare N 100 with the corresponding base case value to get information of CCN concentrations.
[45] The modeled values after 72 hours are 377 cm À3 for the base case and 173, 738, and 1095 cm À3 for the Y values of 1, 10, and 15 ppb, respectively. These results are in good agreement with previous measurements by O 'Dowd [2001] , who found that CCN concentrations, during a nucleation and growth event, increased more than 300% from 150 up to 500 cm À3 .
[46] By way of comparison, the results from the simulations with the nucleation rate of 3 Â 10 6 cm À3 s À1 are also given. As can be seen, the final values of N 60 and N 100 do not differ much from the base case results.
DMS-Flux
[47] Typical DMS concentrations in the marine atmosphere are between 20 and 100 ppt but sometimes concentrations as high as 400 ppt have been measured [e.g., O'Dowd et al, 1997b] . By using a value of 2 Â 10 8 cm À2 s À1 and 4 Â 10 9 cm À2 s À1 for the DMS flux, the average DMS concentration was 20 and 400 ppt, respectively. The maximum sulphuric acid concentration was in the first case as low as 4 Â 10 5 cm À3 and N 100 = 330 cm
À3
, and in the second case, 5 Â 10 6 cm À3 and N 100 = 561 cm À3 (Table 2) . A decrease in the N 60 concentration compared to the base case is about 5% in the first case and about 15% increase in the second case. N 100 decreased 14% with the lower value of DMS but increased 49% with the higher value. If DMS flux is totally left out, and H 2 SO 4 is only formed by the oxidation of initial SO 2 (SO 2 = 20 ppt, maximum H 2 SO 4 concentration of about 2 Â 10 4 cm À3 ), the final values for N 60 was 2288 cm À3 and for N 100 , it was 319 cm
. These simulations show that the influence of DMS on the condensation growth of particles is less important, thus indicat- Figure 6 . CCN concentration as a function of supersaturation (SS) before nucleation event (dotted curve) and after nucleation (solid curve) in the base case simulation. Also shown is the CCN spectra (dashed curve) for sulphuric acid concentrations >10 7 cm À3 forced to give better agreement with the measured sulphuric acid concentration. ing a major contribution from coagulation and condensation of organic vapor X.
Polluted Case and the Effect of SO 2
[48] Although the event simulated corresponds to a clean marine air mass advecting over the tidal region and back out over the ocean, it is also common for continental and polluted air to advect over the same source regions and out over the ocean. The former simulations typically corresponded to clean marine air with low SO 2 concentration (20 ppt). In the present case, further sensitivity studies for higher SO 2 concentrations were conducted. SO 2 concentrations of 500 ppt and 2 ppb were used to test the contribution of higher SO 2 concentrations to N 100 concentration compared to the base case. For these simulations, the maximum H 2 SO 4 concentration increased up to 3 Â 10 6 cm À3 and 7 Â 10 6 cm À3 , respectively, and N 100 concentrations increased up to 426 and 582 cm À3 (Table 2) , corresponding to an additional 13% and 55% increase compared to the base case.
[49] Further simulations were conducted using an initial continental aerosol size distribution representing a polluted aerosol population. On the basis of measurements , the number concentration of the Aitken mode was assumed to be 1000 cm À3 with the geometric mean diameter of 40 nm, a concentration of 700 cm À3 with diameter 200 nm for the accumulation mode, and a concentration of 0.5 cm À3 with diameter 10 mm for the coarse mode. Thus the initial N 100 concentration was 645 cm À3 . After 25 s from the start of the simulation, using the same nucleated particle concentration and organic vapor source rate as in the base case, N 3 was 196,000 cm À3 , and N 10 was about 8500 cm À3 . After 3 days, N 100 was 423 cm À3 if SO 2 concentration was 0.5 ppb, and was 564 cm À3 if a value of 2 ppb for SO 2 was used (Table 2) .
Dilution Parameters
[50] We assumed that the mixing and dilution of the condensable vapors and particles once they moved from the tidal zone occur during an hour so that the concentrations diluted during that time to one tenth of the initial values. Sensitivity tests show that shorter dilution time (0.5 hours) has only a slight effect on N 60 and N 100 concentrations but longer dilution time (2 hours) has a significant effect (Table 2) . If, in turn, the dilution time is kept at 1 hour, but the concentrations are diluted to one hundredth of the initial values, N 60 increases three-fold but no clear increase in N 100 occurs.
[51] Very often, a surface layer inversion in MBL is formed at the height of 600 m, although this can vary in time as the boundary layer evolves [Kunz et al., 2002] . Consequently, we conducted a simulation where the mixing layer height, and also the height of the well-mixed air parcel, is 600 m. This means that the diluted concentrations are one sixth instead of one tenth of the initial values, and significantly more N 60 and N 100 can be observed (Table 2) .
Absence of Cloud Processes
[52] The model does not include cloud processes nor wet removal and focuses only on the increases in aerosol and CCN evolution which would be likely to occur under a high pressure anticyclonic weather system in the area around Mace Head. For more convective weather systems, there will most likely be a mixture of Cu and Sc clouds given the more often decoupled boundary layer at this latitude [Kunz et al., 2002; Johnson et al., 2000] . Both cloud systems will remove Aitken mode particles by incloud diffusional coagulation, although the magnitude is not quantified in this study. This influence of this effect will be greatest at the start of the event. The predictions for clear air CCN production in this study are probably significantly higher than if a cloudy air study was conducted. On the other hand, in the base case, the modeled sulphuric acid is significantly smaller than that what was measured, and thus it could be argued that the base case significantly underestimates CCN production in clear air, while in cloudy air the lack of cloud processes could negate the CCN enhancement based on the highest sulphuric acid concentration scenario. It should also be pointed out that while clouds remove particles, they also increase the size of activated particles through aqueous phase reactions [O'Dowd et al., 1999c . These aqueous-phase reactions result in an increase in CCN for a given supersaturation and, consequently, clouds also serve to increase the concentration of CCN for, in particular, stratiform clouds with lower supersaturations than those found in cumulus clouds. Clearly, inclusion of cloud processes into the AEROFOR2 model is a recommended improvement for future versions.
Discussion
[53] The identification of X, and its formation mechanism, has proven very difficult, primarily due to the analytical difficulties of chemically fingerprinting the composition of particles in the 2-to 4-nm-size range and to the perceived short lifetime of its precursor Y. Possible formation mechanisms of X could be the oxidation of Y by OH or by O 3 or it could be produced by photodissociation of Y. Nevertheless, these model simulations determine the condensable vapor source rate required, regardless of the mechanism.
[54] It has been clearly shown that sulphuric acid concentrations cannot produce the observed particle concentrations in this environment [O'Dowd et al., 1999b; Kulmala et al., 2002] ; however, sulphuric acid has been implicated in forming stable sulphate clusters on which the biogenic vapor can condense. There is some indirect evidence for this hypothesis since previous observations illustrated some coherence between OH concentrations and particle production [O'Dowd et al., 1999b] . Examination of possible biogenic vapors emitted locally, and which also possess a correlation with low tide occurrence, indicate that the only detected vapors exhibiting higher concentrations during low tide were biogenic halocarbons [Carpenter et al, 1999] . Measurements of VOC and halocarbon emissions from various species of local marine biota indicated that no higher molecular weight VOCs with an aerosol formation potential were released but significant amounts of halocarbons, particularly CH 2 I 2 were emitted . In addition, tidal cycles in IO concentration were also observed at Mace Head , and iodine was identified during single-particle transmission electron microscopy analysis of 6-nm particles collected during particle production events . Recent laboratory studies on the chemical composition of aerosol particles, formed after photodissociation of CH 2 I 2 in the presence of ozone, using on-line atmospheric pressure chemical ionization mass spectrometry, indicate that iodine oxides can nucleate and readily condense to rapidly grow particles [Hoffmann et al., 2001] . One possible pathway is through the photodissociation of CH 2 I 2 , releasing I, which reacts rapidly with ozone to produce IO. IO can then selfreact to form OIO, which then can self-react to produce the condensable vapor I 2 O 4 [Hoffmann et al., 2001] . Given that I 2 O 4 is very insoluble, the low hygroscopic growth factors of 1.05 found in 8-nm particles [Väkevä et al., 2002] , combined with the lack of identification of any VOC releases from the biota, lends some support to the iodine hypothesis.
[55] Whether I 2 O 4 actually nucleates under the concentrations likely at Mace Head is still unclear and requires further experimental study; however, sulphuric acid and ammonia concentrations suggest that nucleation can be still explained by ternary nucleation of sulphuric acid-waterammonia and that growth of these TSCs by iodine oxide condensing may be sufficient to explain the observations. As indicated by the model simulations, the source rate of the condensable species is at least 5 Â 10 7 cm À3 s À1 , regardless of the exact nucleation mechanism. Further work is required to identify and underpin the nucleation mechanism and to identify the condensable species and its production mechanism before these processes can be accurately incorporated into aerosol formation and evolution models such as AEROFOR2.
Conclusions
[56] Coastal nucleation events, as observed regularly at Mace Head on the west Irish coastline, and subsequent growth of particles to CCN size were examined by the aerosol dynamic and gas-phase chemistry model AERO-FOR2. Coastal low-tide regions are known to be a strong source of a biogenic vapor which can condense onto aerosol particles. Model calculations suggest that if the instantaneous coastal particle nucleation rate is 3 Â 10 5 cm À3 s À1 , or if the air parcel considered includes 3 Â 10 5 TSCs per cm 3 , and the condensable vapor source rate is 5 Â 10 7 cm À3 s
À1
, then these small particles are able to grow in such a way that their size distribution is consistent with measurements which indicate particle concentrations between 10 5 -10 6 cm
À3
. This growth happens in a very short time when the air parcel moves across the source region. After 25 s, N 3 concentration is about 200,000 cm À3 and N 10 about 10,000 cm À3 . Extremely high measured N 3 concentrations of 1,000,000 cm À3 are obtained with the instantaneous nucleation rate of 3 Â 10 6 cm À3 s À1 .
[57] A significant fraction of these new particles survive to grow into CCN sizes during the following three clear-sky days advection over the ocean and can influence the aerosol-related radiation balance. The amount of CCN is mainly affected by coagulation and condensation of the organic vapor and, in minor part, by condensation of sulphuric acid formed by DMS oxidation. In all cases, an increase of more than 100% in N 100 , or CCN concentration if supersaturation is at least 0.35%, is predicted.
[58] During the low-tide region, the composition of nucleation mode and Aitken mode particles changes to being almost insoluble, whereas the change in accumulation mode particles is much weaker. Because of DMS emissions during the following days, the soluble fraction in the nucleation and Aitken mode starts to increase, thus increasing their CCN potential.
